Abstract: This research was aimed at investigating the essential oil production, chemical composition and biological activity of a crop of pink flowered oregano (Origanum vulgare L. subsp. vulgare L.) under different spatial distribution of the plants (single and binate rows). This plant factor was shown to affect its growth, soil covering, fresh biomass, essential oil amount and composition. In particular, the essential oil percentage was higher for the binate row treatment at the full bloom. The chemical composition of the oils obtained by hydrodistillation was fully characterized by GC and GC-MS. The oil from plants grown in single rows was rich in sabinene, while plants grown in double rows were richer in ocimenes. The essential oils showed antimicrobial action, mainly against Gram-positive pathogens and particularly Bacillus cereus and B. subtilis.
Introduction
Aromatic plants are considered of great interest for their flavours and for their medicinal properties, along with human consumption, animal foodstuff and ornamental uses; thus, they are especially suitable for multifunctional sustainable crop models [1] [2] [3] [4] . A large number of these aromatic species belong to the family Lamiaceae, whose centre of differentiation is located in the Mediterranean area. Within this family, oregano (Origanum vulgare subsp. vulgare) is probably one of most widely used aromatic plant, whose essential oils are particularly rich in mono-and sesquiterpenes [5] .
Oregano essential oils have been shown to possess antioxidant, antibacterial, antifungal, diaphoretic, carminative, antispasmodic and analgesic activities [6] [7] [8] [9] [10] [11] and, among these, the antimicrobial potential is of special interest. In recent years, a large number of researches have reported the efficacy of essential oils from several Origanum species against a panel of bacterial strains [12] [13] [14] [15] , and Başer et al. identified carvacrol as the main responsible for this biological activity [16] .
In this context, and in view of a possible use of a possible use of oregano oils as antimicrobial herbal medicines, it is important to consider that the essential oil yield and composition are the result of different factors [5] , including genotype [17] , environment [18] , developmental stage [19] and cultural practices [20] [21] [22] .
Interestingly, Halva [23] and Piccaglia [24] have analyzed Anethum and Lavandula species, respectively, and reported that essential oil yields and composition are affected by spatial plant distribution and density of plantation, factors that are supposed to have impact on plant growth and light interception. Conversely, some research conducted in Sicily (Italy) compared different plant densities for O. vulgare L. subsp. hirtum (Link) Ietswaart, and did not indicate significant differences in the yield and composition of the essential oils [25] .
The aim of the present research was to investigate growth, essential oil production and chemical composition of a crop of pink flowered oregano (Origanum vulgare L. subsp. vulgare L.) under different plant spatial distribution scenarios (binate and single rows). Moreover, the antimicrobial activity of the essential oil in relation to the chemical composition was investigated.
Results and Discussion

Results of Field Experiment
This research started at the beginning of 2007 on plants of Origanum vulgare L. subsp. vulgare L. (sin. O. vulgare L.) coming from a commercial nursery after three years from the transplantation on a deep clay sandy soil. The thermo-precipitation trends during the period of the experiment in 2007 showed minimum temperatures always above 0 °C. As for the maximum temperatures, the values reached 30 °C during the last ten days of June and maintained this pattern until the last week of August. Rainfall totaled 212 mm during the winter period, 88 mm during the spring and was absent during the months of July and August. This thermo-precipitation tendency implied that watering was only required in the second decade of May.
The growth parameters measured during the field experiments are reported in Table 1 . As expected, the growth of oregano was influenced by the spatial distribution of the plants. The height of vegetation was higher in the binate row until the beginning of the bloom, probably due to the competition among the plants in the bine. The data about the width of the vegetation showed that the plants allowed very early the full covering of the soil in the single rows distanced 40 cm. On the contrary, in the other treatment, the vegetation didn't cover completely the soil also at the stage of maximum growth due to the high distance between the bine (120 cm). Anyway, the PAR absorbance on the row reached the maximum value at the beginning of the bloom in both treatments and this showed a high efficiency of the vegetation in the interception of the radiation. The values of the fresh biomass per plant were higher for the binate treatment and this can be explained on the basis of the greater available space for every plant. On the contrary, the values of fresh biomass per m 2 were always higher in the single row treatment. Thus, we can assume that the greatest fresh biomass per plant in the binate row treatment was not sufficient to recover from the lower number of plants per m 2 . The essential oil/fresh biomass ratios were in full agreement with those already reported for these species and increased during the biological cycle, reaching the maximum values at the full bloom [26, 27] . The values were higher for the binate row treatment only at the full bloom and this can be explained by the high ability of the vegetation to intercept the PAR in both treatments, as previously pointed out. Moreover, we can suppose that the conditions of the growth which led to the greater biomass per plant in the binate treatment contributed to increase the essential oil percentage, given the significant correlation between the biomass/plant ratio and the essential oil percentage (0.7*). Similar behavior was detected for the oil percentage obtained from the air dried samples; in fact, the value was higher for the binate treatment compared to the single row (0.18% and 0.13% respectively; LSD at p ≥ 5% = 0.003). 
Chemical Composition of the Essential Oil
The composition of essential oils obtained from plants subjected to two different treatments of cultivation and collected at full bloom is shown in Table 2 , were they are listed in order of elution on the HP 5MS column and with the components grouped by biogenetic classes of compounds. Overall, 120 compounds representing 90.4%-93.9% of the oil were identified by GC and GC/MS. Although the total content of monoterpene hydrocarbons is similar for the matrices both in the fresh and in the dry state, there are differences in the content of individual components. Indeed, the oil from plants grown on single rows is rich in sabinene, while that from plants grown in double rows is richer in ocimenes. As for the oxygenated monoterpenes, terpinen-4-ol is the most abundant component. The total content in sesquiterpene hydrocarbons is higher in oils obtained from fresh matrices, and among them the most abundant are β-caryophyllene, germacrene D and α-humulene. Among the oxygenated sesquiterpenes, spathulenol is the most abundant in all oils and its content is greater in the dried samples. As for the phenol content, carvacrol is the main constituent and its concentration increases in the dry matrix. The structures of the main constituents of the essential oils are reported in Figure 1 . Table 3 reports the Minimum Inhibitory Concentration (MIC) and the Minimum Bacterial Concentration MBC values of the essential oils against ten Gram positive and Gram negative bacterial strains, selected among those known to cause respiratory, gastrointestinal, skin and urinary disorders in humans.
Antimicrobial Activity
The essential oils showed mild activity mainly against the Gram-positive pathogens, among which Bacillus cereus and B. subtilis were the most affected. Among Gram-negative bacteria, only E. coli was affected by the oils 2 and 4. The higher activity of oils 2 and 4 compared to that of oils 1 and 3 could be ascribed to the higher content of carvacrol, in agreement with the reported relationship between activity and the presence of some phenolic components, especially thymol and carvacrol [28, 29] . Pseudomonas aeruginosa ATCC 27853 >100 >100 >100 >100 12.5
Salmonella typhi Ty2
ATCC 19430 >100 >100 >100 >100 >100
* MBC values are reported in brackets when different from MIC values; G: Gentamycin.
Experimental
Field Trial
The ). The distance between the bine was chosen to evaluate the possibility to introduce the mechanical control of weeds. For each scheme four rows of 15 m long were considered as replications. The area was equipped with a drop irrigation system which was used to facilitate the transplanting of the oregano plants and to ensure their normal growth in times of drought. Every year the plants were fertilized with 40 units of nitrogen per hectare during the third ten days of March.
The plant growth was analyzed in correspondence of significant phases of the biological cycle by measuring the height of the vegetation and the width of the row until the ground covering with 10 measurements per plot. Moreover, fresh epigeous biomass was determined by collecting samples from a section of 50 cm of the single and binate rows for every replication.
The incoming Photosynthetically Active Radiation (PAR) was measured using a line quantum sensor from Decagon Device Inc. (Pullman, WA, USA) placed perpendicularly to the rows above the canopy (PARi) and at the soil level (PARt); moreover it was placed also face downwards to measure reflectance of the canopy (PARr) and of the soil (PARs). Ten data were collected for every parameter in the central hours of the day and they have been considered representative of the whole day [30] . The data were used to calculate PAR absorbed from the crop [31] .
The essential oil content was determined by sampling three representative samples of the fresh epigeous biomass for every determination Data of growth were evaluated by ANOVA and the mean values were separated by LSD at p ≥ 5%.
Essential Oil Extraction and Analysis
Aliquots (25 g) of samples collected at full bloom both for single and binate rows were finely shredded and then submitted to hydrodistillation for 3 h using n-hexane as solvent and a Clevenger apparatus according to the method recommended in the European Pharmacopoeia [32] . The oils were dehydrated by anhydrous sodium sulfate and kept in a cool (+4 °C) and dark place prior to analysis. In addition, the same samples air dried at room temperature were submitted to hydrodistillation and analyzed.
The oils were analyzed at the Department of Pharmacy of the University of Naples "Federico II. The GC analysis was carried out with a Perkin-Elmer (Perkin-Elmer, Shelton, CT, USA) Sigma 115 gas chromatograph) equipped with a flame ionization detector (FID) and two stationary phases of different polarity: HP-5 MS (30 m length × 0.25 mm internal diameter × 0.25 μm film thickness) or HP Innowax polyethylene glycol capillary column (50 m length × 0.20 mm internal diameter × 0.33 μm film coating) fused silica columns, respectively. Helium was the carrier gas at 1.0 mL min −1
. Oven temperature was programmed as follows: initial oven temperature was set at 40 °C (held for 5 min), raised to 250 °C at 2 °C min . Injector and detector temperatures were set at 250 °C and 280 °C, respectively. Diluted samples (1/100 in n-pentane, v/v) of 1.0 μL were injected in the split mode (split ratio 1:100). The analysis was repeated twice for each sample. For GC/MS analysis was used an Agilent 6850 Ser. II apparatus, fitted with a fused silica HP-5MS capillary column (30 m × 0.25 mm i.d.; 0.25 μm film thickness), coupled to an Agilent Mass Selective Detector MSD 5973; ionization voltage 70 eV; electron multiplier energy 2,000 V. Mass units were monitored from 35 to 450 amu. The same column temperature programme was applied as in GC analysis; injector and detector MS transfer line temperatures were set at 250 °C and 280 °C, respectively. Identification of constituents was made by comparing their relative retention index (K i ) determined with reference to homologous series of n-alkanes (C 8 -C 30 ) under identical experimental condition in both polar and non-polar columns, with either those of the literature [33, 34] , co-injection with standards and by matching recorded mass spectra with data published in the literatures [33, 35, 36] and by comparing them with reference spectra in the computer libraries (NIST 02 and Wiley 275). Quantification was computed by electronic integration of the FID peak areas without corrections for FID response.
Antimicrobial Assay
The antibacterial activity was evaluated by determining the minimum inhibitory concentration (MIC) and the minimum bactericidal concentration (MBC) using the broth dilution method [37] (ATCC 19430) . The strains were maintained on Tryptone Soya agar; for the antimicrobial tests, Tryptone Soya broth was used. In order to facilitate the dispersion of the oils in the aqueous nutrient medium they were diluted with Tween 20 at a ratio of 10%. Each strain was tested with samples that were serially diluted in broth to obtain concentrations ranging from 100 g/mL to 0.8 g/mL. The samples were previously sterilized with Millipore filter of 0.45 mm. The samples were stirred, inoculated with 50 g/mL of physiologic solution containing 5 × 10 6 microbial cells, and incubated for 24 h at 37 °C. The MIC value was determined as the lowest concentration of the sample that didn't permit any visible growth of the tested microorganism after incubation. Control containing only Tween 20 instead of the essential oil was not toxic to the microorganisms. As positive controls were used cultures containing only sterile physiologic solution Tris buffer. MBC was determined by subculture of the tubes with inhibition in 5 mL of sterile nutrient broth. After incubation at 37 °C the tubes were observed. When the germs did not grow, the sample denoted a bactericidal action. Oil samples were tested in triplicate. Gentamycin was used as standard antibacterial agent. Sterile distillated water and medium served as a positive growth control.
Conclusions
The results reported in this manuscript highlight the influence of different plant distributions on the growth of oregano. In the binate rows treatment, the vegetation didn't completely cover the soil even at the stage of maximum growth due to the high distance between the bine (120 cm) and, consequently, the values of the fresh biomass per plant were higher. On the contrary, the values of fresh biomass/m 2 were always higher in the single row treatment because the greatest fresh biomass per plant in the binate row treatment was not sufficient to make up for the lower number of plants/m 2 . The essential oil percentages on fresh biomass were higher for the binate row treatment only at the full bloom and this can be explained by the high ability of the vegetation to intercept the PAR in both treatments. Moreover, the conditions of growth leading to a greater biomass/plant in the binate treatment contributed also to increase the essential oil percentage.
The essential oil content of fresh biomass is influenced by the conditions of plant growth and it increases during the biological cycle, reaching the maximum values at the full bloom. The oils extracted from matrices, collected in this stage and air dried, contained a fairly good amount of phenols and other components, exerting antibacterial activity. This finding confirms the interest of these plants for pharmaceutical and nutraceutical applications and the results of the present study could provide useful information to better exploit oregano plants for these purposes.
